To characterize volatile organic chemical (VOC) contamination in public water in New Jersey from 1978 through 1990, detailed GIS maps were developed, along with descriptive text and an associated contaminant database, broken into half-year periods. All water providers that served more than 500 service connections were mapped. Contamination status for nine VOCs, including total trihalomethanes (THMs), was estimated for about 90% of the state's population. Many water systems were partitioned into smaller subsystems in order to map service areas that were more homogeneous with regard to water quality in order to minimize exposure misclassification. Data used for this work included test results taken by the New Jersey Department of Environmental Protection or the water utilities (raw, plant, and distribution system samples), an analysis of probable water use and water flow (based on pumpage, population, system architecture, and advice from the water systems), and information on service area extensions during the period. Using GIS applications, these maps and databases were used to estimate the size of the population exposed to contaminants over time, demonstrating a dramatic decrease in exposed population after the New Jersey Safe Drinking Water Act was signed in 1984.
Introduction
In the late 1970s and early 1980s, several of New Jersey's groundwater-based public water systems were found to be contaminated with volatile organic chemicals (VOCs), particularly the solvents trichloroethylene (TCE), tetrachloroethylene (perchloroethylene, PCE), and 1,1,1-trichloroethane (TCA) (Tucker, 1981; Krietzman et al., 1987; Bono et al., 1992) . Trihalomethanes (THMs), one of the groups of by-products formed by the reaction between chlorine disinfectants and organic materials, were also commonly observed, especially in surface water-based systems. The discovery of these classes of contaminants in New Jersey and elsewhere led to a number of epidemiological studies examining potential health effects, particularly cancer and adverse reproductive outcomes.
For exposure assessments, these studies rely in part on the accurate identification of public water systems serving the addresses of study subjects at points in the past. Previous epidemiologic studies of cancer and birth defects by the New Jersey Department of Health and Senior Services (NJDHSS) were restricted to a subset of towns in the metropolitan northeastern part of the state and water quality was calculated as a single municipal average (Cohn et al., 1994; Bove et al., 1995) , thus limiting study power. Because it was clear that water quality varied within systems and municipalities due to source waters of different quality, and that there were variations through time due to source water or treatment, and since much of the state's population lives in towns served by large, multiple-source water systems, it was important to characterize water quality throughout the state for further epidemiologic studies. To improve exposure assessments in epidemiologic studies for a broader geographic area through time, we constructed a time-and water-system specific water quality database tied to a geographic information system (GIS) map of the state's public water systems. This mapping also allowed an assessment of population exposure to drinking water contaminants through time.
Methods
This mapping and database project involved review of numerous water quality data sources and system operation information in the construction of a time-specific contaminant database. Water systems were divided into distinct subsystems when water quality varied due to source differences. Each system and subsystem was mapped using a GIS, which was linked to the water quality database for use in population exposure assessment or epidemiologic studies. Mapping was completed using Atlas GIS (Strategic Mapping, Inc., Santa Clara, CA), and ArcView 3.0 (Environmental Systems Research Institute, Inc., Redlands, CA) was used for the population analysis.
Water Quality Data Sources Records of 295 public water systems, including all those with greater than 500 service connections and some smaller systems with a history of VOC contamination, were examined. All available water quality data were collected, primarily from the New Jersey Department of Environmental Protection (NJDEP), including a variety of electronic databases, printed reports, microfilmed data submissions, and correspondence (Table 1 ). The data include regulatory testing by water systems that started in 1981 for THMs and at the end of 1984 for non-THM VOCs (Krietzman et al., 1987; Bono et al., 1992) , as well as special surveys (Tucker, 1981) , spot checking, and nonregulatory testing by water systems. In addition, information on system architecture and well pumpage were gathered from NJDEP archives and utilities to assist in data interpretation.
For each system, data were extracted onto worksheets by contaminant and 6-month period of time from 1978 through 1990 for entry into our database (see below). The type of sample (raw source water, treated water, or distribution system water) and specific geographic location of the sample, when available, was noted. A limited amount of data were discarded, primarily from the late 1970s and early 1980s, because of apparent data entry errors or anomalous findings not confirmed by subsequent sample analyses. For example, data were discarded in instances where a high concentration of a contaminant was reported from a well sample on one date, but never reported before or after from other samples at the location. In a few cases from the early years, there was apparent misidentification of two-carbon chlorinated solvents, particularly at the lowest detectable levels. For example, tetrachloroethylene (PCE) appears to have been sometimes misidentified as 1,1,2,2-tetrachloroethane, based on consistency of subsequent test series. In such cases, greater weight was given to later identifications since there were improvements in methodology and laboratory quality assurance and control.
Water quality analyses were done by multiple laboratories and methods. Methods for waste water (the USEPÀ 600' series, using gas chromatography or combined gas chromatography and mass spectroscopy, GC±MS) had been used during the first half of the 1980s, but were gradually replaced by USEPA approved drinking water methods (thè 500' series, using a purge and trap method with gas chromatography in Methods 502 and 503 or with GC±MS in Method 524) beginning in the mid-1980s (Bono et al., 1992) . The accuracy and precision of these methods at low levels is summarized in the Technical Appendix. Laboratories were increasingly monitored for quality assurance and quality control by the NJDEP during the 1980s and a laboratory certification program was established in the early 1980s. Use of certified laboratories for public drinking water testing was required by 1984.
Water System and Subsystem Definition
Each of the 295 systems was examined with respect to the type of water sources (groundwater, surface water, mixture of both) and the number of points of entry at which sources feed into the system. Systems with multiple points of entry were divided into subsystems if the source water type or quality of these points of entry differed on a categorical level (see below). The geographic area allocated to each point of entry was determined based on distribution system water quality measurements, available water system maps and pumpage data. For example, system maps revealed the disposition of relatively large diameter mains, system maps of water systems; personal communications with water system operators bottlenecks that would act to confine water within a subsystem (e.g., rail lines, highways, or water bodies where no pipes crossed), boundaries of service zones (areas isolated by pressure control valves in order to provide adequate water pressure) and the proximity and size of tanks and standpipes where water from several sources could mix. Some subsystems were designated as`mixing zones' in which water from multiple sources was thought to have blended.
From the 295 systems, a total of 484 systems and subsystems were designated. The characteristics of these subsystems are found in Table 2 .
Water Quality Database Each of the 484 water systems or subsystems was characterized for nine contaminants for each of 26 6-month periods (January to June, July to December) from 1978 through 1990. Contaminant level estimates were made from different sample points in the system, according to the following hierarchy.
(a) When available, distribution system samples were used to estimate time-and area-specific contamination levels. When there was more than one data point from a distribution system sample location in a time period, the arithmetic average was calculated.
(b) Point of entry samples (often referred to as`plant' samples) from the 6-month period were used in the absence of distribution system samples. For trihalomethane assessments, only treated (finished) water samples were used since these contaminants form as a consequence of treatment. Point of entry groundwater samples were used for VOC assessments if no VOC-removal treatment was employed (though chlorination was usually employed). Point of entry groundwater VOC levels were sometimes estimated from pumpage-weighted averages of all contributing sources (for example, all the wells in a well field contributing to a single point of entry) according to the following formula:
where:
X j = estimate of point of entry concentration of contaminant j during 6-month period, p i = pumpage for individual well i during 6-month period, x ij = average concentration of contaminant j in well i during period, P = total pumpage of all wells contributing to point of entry. Total 295 234 61 a One single-point of entry surface water system was divided into three subsystems because trihalomethane levels increased as the water traveled from a distant reservoir to feed three municipalities. b Some multiple-point of entry water systems were not subdivided into separate subsystems because of uniform quality of the sources or substantial blending within the distribution area (for example, in storage tanks). c Two single-point of entry groundwater systems were divided into subsystems so that areas in which public water was extended during the study period (previously served by private wells) could be distinguished. d These systems were divided into two to 11 subsystems. e These systems were divided into two to 39 subsystems. which time the values were assigned from the next cell with data. For time periods prior to any known data point (usually 1978 to 1984) , values were extrapolated back from the first known point (usually not later than the first half of 1985). The most contaminated wells were generally known and tested by 1981.
(d) For some mixing zone areas without identifiable samples, geographic interpolations were made by averaging contaminant levels of adjacent subsystem areas.
(e) For some small groundwater systems, no trihalomethane data were available because there was no regulatory requirement to monitor. In these cases, trihalomethane levels were assumed to be less than 10 g/l based on source water type only.
The data were summarized into a local database by categories representing the average concentration of nine chemicals or classes of chemicals within each half-year time period: TCE, PCE, TCA, benzene, carbon tetrachloride, 1,2-dichloroethane, 1,2-dichloroethylenes, 1,1-dichloroethylene, and THMs. These represent the most frequently occurring VOCs for which there is monitoring data. The non-THM VOCs were grouped into five levels (Table 3) , based in part on practical quantitation levels (PQLs) for several of the chemicals of interest, derived from national and state-wide data for`500' series methods (U.S. Environmental Protection Agency, 1985; New Jersey Drinking Water Quality Institute, 1987) . The national PQLs in the 1980s for most of the non-THM VOCs were thought to be in the 1±5 ppb range, while in New Jersey the PQLs in the 1980s were generally in the 1±2 ppb range. Total THMs were grouped into seven levels (Table 3) , the lowest of which (<10 ppb) covers groundwater systems not under the influence of surface water. The second level (10±25 ppb) covers most systems or subsystems with mixed surface and groundwater.
The uncertainty of time and geographic interpolations and extrapolations could not be estimated because the actual data are not available. However, for time periods with measurement data, THM levels in surface water systems were generally stable (when comparing levels from the same season) over time, indicating that time extrapolations for THM levels were reasonable. At least four consecutive years of VOC data were available for nine contaminated well fields in continuous use. Of these, eight showed stable contaminant levels while one showed a marked decrease over time. In general, time extrapolations for VOC levels also appear to be reasonable. Water quality changes were much more likely to be due to well closures and/or addition of remedial treatment.
Water System Mapping with a GIS The Atlas GIS system was used to map the geographic extent of each of the 484 water systems and subsystems, and to relate these areas to the water quality database. Based on available paper system maps and a New Jersey water system map from NJDEP developed in the 1970s, we manually digitized system and subsystem boundaries into the GIS. Areas within a boundary not served by water mains or having more than 20% private wells were excluded by creating manually digitized`islands'. Each system/subsystem polygon was assigned a unique identifying code tying it to the water quality database. Printed maps were distributed to NJDEP Bureau of Safe Drinking Water regional engineers and (for select systems) to water system operators for confirmation.
Assessing Population Exposure
One use of the water quality map was to determine the change in the number of people exposed to different levels of VOC contamination over the 1978±1990 period. To accomplish that a two step procedure first estimated the population within each system and subsystem and then summed the system population by type and level of contaminant. Using ArcView, the population in each system or subsystem was estimated by (1) determining the proportional area of each Census block group lying within the subsystem boundary; (2) then multiplying the 1990 population in each intersecting block group by that proportion; and (3) summing those computed populations for each system or subsystem.
Results and discussion

Mapping and Database
Maps of the public water systems and subsystems in northern New Jersey are shown in Figures 1 and 2 . The GIS maps and database have utility for epidemiologic studies when exposure assessment is geographically based, for example, on drinking water contaminants. In addition, a time±specific database allows for exposure assessments in studies where the disease endpoint is related to exposure during specific time windows, such as fetal or infant development. In New Jersey, two studies utilizing this database and GIS system are in progress, one on childhood cancer and one on bladder and rectal cancer in adults.
Mapping systems serving most of the state's population makes it possible to examine rare diseases (such as cancer) requiring case collection across the state in order to improve statistical power. Using methods that more accurately assess exposure for epidemiologic study participants should decrease misclassification, thereby reducing bias in estimates of associations between water contaminants and disease risk.
Assessment of Population Exposure 1978±1990
About 7,000,000 people were served by systems and subsystems characterized in this project. THM exposure was most prevalent during the period 1978 to 1990, with approximately 3,800,000 persons (55% of the state's population) exposed to more than 10 ppb (Figure 3) . The maximum contaminant level (MCL) for total THMs, promulgated in 1979, is an annual average over four quarters of less than 100 ppb (Code of Federal Regulations, Title 40). The estimated number of persons exposed and the levels of THM exposure were relatively constant over the period. Of the non-THM VOCs, exposure above 1 ppb was most common for TCE (Figure 4 ), PCE ( Figure 5 ), and TCA (Figure 6 ), each of which showed marked decreases over the study period in terms of the numbers of people exposed and the levels of exposure. The federal MCLs were 5 ppb for TCE and PCE and 200 ppb for TCA (Code of Federal Regulations, Title 40), while the New Jersey MCLs were 1 ppb for TCE and PCE and 30 ppb for TCA (New Jersey Administrative Code, 7:10). Both sets of MCLs were promulgated in 1989. Prior to 1989, the NJDEP used a set of action levels (Bono et al., 1992) . Approximately 1,000,000 people each were exposed to TCE and PCE from the late 1970s through the early 1980s, while about 500,000 were exposed to TCA during that time. Many were exposed to more than one VOC. By the end of 1987, the population exposed to TCE at levels greater than 25 ppb was reduced to zero. Population exposure to more than 25 ppb of PCE largely disappeared by 1983, and exposure to TCA at levels greater than 25 ppb was negligible after 1986. By the end of 1990 the number of people exposed to TCE and to PCE above 1 ppb were each reduced to around 350,000, and to around 200,000 for TCA.
By 1990, very few persons remained exposed to more than 5 ppb of these VOCs in community water systems with more than 500 service connections. There were marked declines in population exposure above 5 ppb around 1985 and 1988. In 1988, there was also a noticeable decline in levels in the 1±5 ppb range. The 1985 decline coincides with the beginning of mandatory VOC testing in New Jersey. Although there were no regulatory requirements to reduce VOC levels at that time, non-regulatory action levels were in place that encouraged contaminated well closure or use minimization. In 1987 the New Jersey Drinking Water Quality Institute, established under amendments to New Jersey's Safe Drinking Water Act, recommended that the NJDEP adopt strict maximum contaminant levels (MCLs) for these VOCs, a process which was completed in 1989. Combined with federally required point-of-entry testing in 1988, there was a consequent decline in exposure to waterborne VOCs by the end of 1988, in anticipation of the required water quality limits.
Conclusions
The utility of a GIS system in assessment of exposure to drinking water contaminants has been shown for small geographic areas (Maslia et al., 1995; Nuckols et al., 1995; Vine et al., 1997) . In New Jersey, the construction of a timespecific water contaminant database tied to a GIS mapping of public water systems is now becoming a tool for statewide epidemiologic studies and for tracking time trends in exposure to water contaminants in response to regulatory actions.
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Technical appendix
In a national performance evaluation study, Method 624 detection limits (MDLs) during the early 1980s were in the 2±4 ppb range for commonly occurring VOCs (TCE, PCE, and TCA) (U.S. Environmental Protection Agency, 1984) . In New Jersey, median MDLs for TCE, PCE, and TCE using Method 624 were in the 0.8±0.9 ppb range by the start of the 1990s (Eaton, 1992) . In national performance evaluation studies of the 500 series methods (in aggregate), most laboratories were within 20% of the true value down to at least 5 ppb, and MDLs were generally in the 0.2±0.5 ppb range (U.S. Environmental Protection Agency, 1985) . In New Jersey, MDLs of the 500 series methods (in aggregate) were similar, and percent standard deviations (i.e., coefficient of variation) were over 20% only for TCE, PCE, and TCA spike samples under 1 ppb (New Jersey Drinking Water Quality Institute, 1987) .
